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Glyphosate-resistant Palmer amaranth (Amaranthus palmeri [S.] Wats) is an
economically troublesome weed to southeastern United States soybean (Glycine max [L.]
Merr.) growers. Palmer amaranth is troublesome due to its evolution of resistance to
multiple herbicide modes of action, competiveness, and prolific seed production.
Greenhouse studies were conducted at the Delta Research and Extension Center in
Stoneville, MS to evaluate different rates of 2,4- dichlorophenoxyacetic acid (2,4-D) for
control of Palmer amaranth. Field experiments were conducted at the Delta Research and
Extension Center in Stoneville, MS in 2013 and 2014 to evaluate Palmer amaranth
emergence using a cultural practice and a residual herbicide. Field experiments were also
conducted at the Delta Research and Extension Center in Stoneville, MS in 2013 and
2014 to evaluate Palmer amaranth control with applications of glyphosate, glufosinate,
and 2,4-D alone and in mixtures.
.
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CHAPTER I
INTRODUCTION

Soybean was domesticated in China around 1500 to 1100 B.C. (Hymowitz 1970).
Soybean was first introduced to the United States in 1765 to manufacture soy sauce,
vermicelli, and a powder substitute form of sweet potato (Ipomoea batatas L.)
(Hymowitz 2004). It is an annual plant growing 75 to 125 cm in height with a diffuse
root system consisting of a tap root and a large number of secondary roots (Shibles et al.
1974). Soybean has four different types of leaves: simple cotyledons, simple primary,
and trifoliates (Lersten and Carlson 2004). Trifoliate leaves are oblong, ovate, or
lanceolate with entire margins (Lersten and Carlson 2004). Soybean are biological
nitrogen fixation agents, meaning they are able to convert atmospheric nitrogen to usable
nitrogen for the plant; therefore, little if any nitrogen fertilization is needed for soybean
production (Lindemann and Glover 2003). Today soybean production is one of the
greatest sources of agriculture revenue for the United States, producing $43.5 billion in
2014 on 205.1 million harvested ha (USDA-NASS 2015). In Mississippi, soybean
production makes up one third of agriculture revenue, generating $1.2 billion in 2014 on
approximately 5.4 million harvested ha (USDA-NASS 2015).
Growers in the midsouthern Untied States traditionally grew later maturing
soybean cultivars ranging from maturity group (MG) V to VII (Heatherly 1999). These
later maturing cultivars, typically planted in May and June, exposed soybean to drought
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stress later in the growing season (Heatherly 1999). Consequently, midsouthern United
States soybean growers have shifted soybean production to earlier maturing soybean
cultivars to avoid late-season heat stress (Heatherly 1999).
Chemical and non-chemical control are utilized for weed control in soybean
(Reddy et al. 1999). Non-chemical control tactics consist of row spacing, cultivation,
planting date, crop rotation, and soybean cultivars (Reddy et al. 1999). Chemical control
takes advantage of herbicides applied preplant foliar, preplant incorporated (PPI), PRE,
and/or POST.
In the early 1990’s, herbicides in the dinitroaniline and imidazolinone families
were the primary products used for weed control in soybean; however, Monsanto
Company’s release of glyphosate-resistant (GR) crops in 1996 shifted in-season herbicide
use to almost entirely glyphosate (Dill et al. 2008; Young 2006). Approximately 94% of
United States soybean contained a herbicide-resistant biotechnology trait in 2014
(USDA-ERS 2014). Rapid adoption of GR crops was due in part to their ability to
provide economic benefits, production efficiency and flexibility, soil conservation, and
increased herbicide efficacy by allowing POST herbicide application in crop for weed
control without crop injury (Dill et al. 2008; Green and Castle 2010; Green 2012). The
most widely grown GR crops are soybean, corn (Zea mays L.), and cotton (Gossypium
hirsutum L.) (Dill et al. 2008; Green 2012). However, documentation of 32 GR weed
biotypes worldwide has brought about concerns of continuous glyphosate use for weed
control (Heap 2015).
Palmer amaranth is a dioecious member of the Amaranthaceae family and is
native to the southwestern region of the United States (Barkley 1986; Bryson and
2

DeFelice 2009; Sauer 1957). Palmer amaranth can be characterized as an erect summer
annual capable of reaching 2 m in height (Bryson and DeFelice 2009). It has oval shaped
leaves, petioles as long or longer than the leaf blade, green or reddish stem, and can have
a white v-shaped watermark on the leaves (Gleason and Cronquist 1991; Horak et al.
1994; Sauer 1955). Seed of Palmer amaranth are typically between 1.0 and 1.3 mm in
diameter (Bryson and DeFelice 2009), and a single female Palmer amaranth plant can
produce up to 600,000 viable seed plant-1 in the absences of competition (Keeley et al.
1987). In competition with soybean, female Palmer amaranth plants are capable of
producing 139,000 seeds m-2 (Jha et al. 2008a; Keeley et al. 1987).
Of four Amaranthus spp. including redroot pigweed (Amaranthus retroflexus L.),
common waterhemp (Amaranthus rudis Sauer), prostrate pigweed [Amaranthus blitoides
(S.) Wats.] and Palmer amaranth, Palmer amaranth had the largest plant volume and leaf
area (Horak and Loughin 2000). Palmer amaranth also produced dry plant weights and
caused the greatest yield loss in soybean among the four Amaranthus spp. (Horak and
Loughin 2000). Klingaman and Oliver (1994) reported soybean yields were reduced 17
to 68% when Palmer amaranth densities ranged from 0.33 to 10 plants m-1 of row.
In recent years, Palmer amaranth has become one of the most problematic weeds
for growers in the southeastern United States due to its’ rapid growth rate, high fecundity,
genetic diversity, ability to tolerate adverse conditions, and evolution of resistance to
multiple herbicide MOA (Ward et al. 2013). These characteristics allow Palmer
amaranth to compete with crops for light, water, nutrients, and space in crop (Monks and
Oliver 1988; Ward et al. 2013). Since the first documentation of herbicide resistance in
Palmer amaranth to the dinitroaniline herbicide family, it has evolved resistance to
3

multiple herbicide MOA including acetolactate synthesis inhibitors, EPSP synthase
inhibitors, 4-hydroxyphenylpyruvate dioxygenase inhibitors, and photosystem II
inhibitors (Culpepper et al. 2006; Gossett et al. 1992; Jhala et al. 2014; Sprague et al.
1997; Thompson et al. 2012). Palmer amaranth was first documented GR in 2005 in
Macon County, GA (Culpepper et al. 2006). After GR Palmer amaranth was identified in
Georgia, failure to control Palmer amaranth with glyphosate occurred in other
southeastern states including Alabama, Arkansas, Florida, Georgia, Louisiana,
Mississippi, North and South Carolina, and Tennessee (Heap 2015). Currently, there is
no documentation of Palmer amaranth resistance to 2,4-D, dicamba, or glufosinate (Heap
2015).
2,4-D is one of the oldest and most widely used synthetic herbicides (Troyer
2001). First discovered in 1941, 2,4-D was intended for use as a defoliant in biological
warfare during World War II and was under government secrecy until 1944 (Hamner and
Tukey 1944; Mitchell et al. 1944; Troyer 2001). However, 2,4-D was not utilized in the
military until the Vietnam War (Lilienfield and Gallo 1989). 2,4-D is a dichotomous,
selective, synthetic auxin herbicide which mimics the natural plant hormone indole 3acetic acid (IAA) (Grossman 2010; Shaner 2014c). Indole 3-acetic acid is vital for
communication between plant organs, for cell elongation, and in cell division (Grossman
2010; Mithila et al. 2011; Went 1926). Many plant growth processes are regulated by
auxins such as IAA due in part to their effects on gene regulation (Guilfoyle 2007;
Mithila et al. 2011). Conversion of parent molecules from aryl hydroxylation and
glycoside conjugate by means of decarboxylation and side chain elongation and
degradation are thought to be means of selectivity of weed control with auxin herbicides
4

(Broadhurst et al. 1966; Coupland 1994; Hagin et al. 1970; Owen 1991). 2,4-D is
adsorbed via plant roots, transported via the symplastic pathway (including phloem), and
accumulates in root and shoot growing points (Ashton and Crafts 1981; Shaner 2014).
2,4-D controls several broadleaf weed species including Amaranthus spp. and is
applied in aquatic, lawn, and agricultural settings (EPA 2005; Shaner 2014c). Current
2,4-D labeling is for POST weed control in barley (Hordeum vulgare L.), wheat
(Triticum aestivum L.), oats (Avena sativa L.), grain sorghum (Sorghum bicolor L.),
pastures and rangeland, lawns, golf courses, cemeteries, parks, and ornamental turf with
different specifications for each situation (EPA 2005). In sugarcane (Saccharum
officinarum L.), rice (Oryza sativa L.), and corn (Zea mays L.), 2,4-D is labeled for both
PRE and POST applications (Anonymous 2014a; EPA 2005). Currently, the only
labeling for 2,4-D application in soybean is preplant (EPA 2005).
Symptoms of 2,4-D in susceptible plants can be similar to those from other
synthetic auxin herbicides and include leaf cupping and curling, epinastic petiole and
stem response, stem swelling, and stem elongation (Shaner 2014c). Abnormal growth
and metabolic activation such as gene expression, enzyme synthesis, ethylene formation,
and abscisic acid (ABA) accumulation occur in broadleaf plants after 5 h of exposure to
synthetic auxins. Decaying of plants begins as soon as 72 h after exposure to synthetic
auxins (Grossman 2010). These symptoms are typically followed by chlorosis and
necrosis at growing points, wilting, and growth inhibition. Total plant death is slow and
can take 3 to 5 wk (Shaner 2014c).
Glufosinate is a non-selective member of the phosphinic acid herbicide family
and controls several dichotomous and monocot weed species including Palmer amaranth
5

(Anonymous 2011; Coetzer et al. 2002; York et al. 2009). Glufosinate inhibits the
glutamine synthetase pathway by binding to the active site of glutamine synthetase and
competing for glutamate (Coetzer and Al-Khatib 2001; Manderscheid and Wild 1986).
The glutamine synthetase pathway is the most efficient pathway for the detoxification of
ammonia, which inhibits photosynthesis (Coetzer and Al-Khatib 2001; Sauer et al. 1987;
Wild and Manderscheid 1984).
Inhibition of glutamine synthetase in Palmer amaranth was 77% 6 h after
treatment with glufosinate (Coetzer and Al-Khatib 2001). Photosynthetic rates of Palmer
amaranth were reduced up to 31% 1 h after treatment (Coetzer and Al- Khatib 2001).
Proper time of day for glufosinate application can have a significant effect on Palmer
amaranth control (Coetzer and Al- Khatib 2001). Martinson et al. (2002) reported
greatest weed control with glufosinate was between the 9th and 18th h of the day, and
subsequently the lowest weed control was observed following applications in the 6th, 21st,
and 24th h of the day.
Glyphosate is a broad spectrum, non-selective herbicide developed in the 1970’s
(Green and Castle 2010). Glyphosate’s MOA is inhibition of 5-enolpyruvylshikimate
acid 3-phosphate synthase (EPSP), which competes with phosphenolypyruvate (PEP) by
binding to the PEP site and preventing the biosynthesis of aromatic amino acids
(Schönbrunn et al. 2009; Steinruken and Amrhein 1980). Glyphosate controls numerous
dichotomous and monocot weed species (Anonymous 2014b). In recent years,
glyphosate applications over millions of ha has caused the selection of GR weed biotypes
(Franz et al. 1997; Heap 2015).
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Weed interference with soybean is minimized when using more narrow row
spacings due to faster canopy establishment (Reddy et al. 1999). More narrow row
spacings allow for a denser canopy, which often improves competitiveness of soybean
with later-emerging weeds (Reddy et al. 1999). Yelverton and Coble (1991) reported the
use of row spacing ≤ 38 cm can reduce late-season weed emergence compared with 76cm rows. Knezevic et al. (2003) reported that 19-cm soybean row spacing reduced weed
density compared with 38- and 76-cm rows. Soybean in 76-cm rows did not produce a
canopy as quickly as soybean in more narrow row spacings, and this provided weeds with
additional light compared with 38-cm soybean rows.
Jha and Norsworthy (2009) reported Palmer amaranth emergence from June 30 to
August 25, was 314 Palmer amaranth seedlings m-2 in plots with no soybean compared
with 75 seedlings m-2 in plots with soybean. They suggested soybean grown in more
narrow rows would aid in late-season control of Palmer amaranth, mainly due to quicker
soybean canopy closure at the primary emergence times of the weed (Jha and Norsworthy
2009). Jha et al. (2008a) reported a 37% decrease in Palmer amaranth vegetative biomass
when soybean row spacing was 19 cm compared with 97 cm. They concluded that more
narrow row spacing can play a significant role in minimizing Palmer amaranth
emergence.
Residual herbicides have been documented beneficial in controlling problematic
weeds such as Palmer amaranth, common lambsquarters, and barnyardgrass (Bernards et
al. 2010). Flumioxazin plus pyroxasulfone is a prepackaged residual herbicide mixture
labeled in soybean and corn for annual broadleaf and grass control (Anonymous 2014c).
Flumioxazin is a protophorphyrinogen oxidase (PPO) inhibitor, and pyroxasulfone is a
7

very long chain fatty acid biosynthesis (VLCFA) inhibitor (Shaner 2014a,b).
Flumioxazin is absorbed by the roots and foliage of plants. Inhibition of the
protophorphyrinogen oxidase enzyme occurs following absorption, and plants die shortly
after exposure to sunlight (Shaner 2014a). Currently, only common ragweed (Ambrosia
artemisiifolia L.) has been reported resistant to flumioxazin (Heap 2015). Pyroxasulfone
is absorbed by the roots and shoots of emerging plants (Shaner 2014b). Pyroxasulfone
inhibits the biosynthesis of VLCFA, causing accumulation of fatty acid precursors and
preventing elongation catalyzed by VLCFA elongases (Shaner 2014b).
Flumioxazin plus pyroxasulfone at 240 and 480 g ha-1 controlled common
lambsquarters (Chenapodium album L.), smooth pigweed (Amaranthus hybridus L.), and
redroot pigweed 95 to 100% (Mahoney et al. 2014). This was consistent with Bernards et
al. (2010), that reported flumioxazin plus pyroxasulfone provided ≥ 90% control of
Palmer amaranth, redroot pigweed, common lambsquarters, and barnyardgrass
[Echinochloa crus-galli (L.) P. Beauv.]. Dillon et al. (2011) reported the most consistent
management strategy for Palmer amaranth in soybean was flumioxazin plus
pyroxasulfone PRE followed by POST application of fomesafen to 7-cm Palmer
amaranth.
Single herbicide MOA are no longer recommended for controlling GR Palmer
amaranth (Ward et al. 2013). Dicamba- and 2,4-D-resistant crops have been developed
and deregulated (Dario 2015; Friend 2014). The use of 2,4-D-resistant soybean could
offer producers more flexibility for controlling GR weeds (Johnson et al. 2012). Previous
research has shown that mixtures of glufosinate and 2,4-D can improve control of GR
horseweed [Conyza canadensis (L.) Cronq.], GR common lambsquarters (Chenopodium
8

album L.), and GR giant ragweed (Ambrosia trifida L.) up to 96% (Barnett et al. 2013;
Chahal and Johnson 2012). Barnett et al. (2013) reported that when 2,4-D and dicamba
were applied alone, GR giant ragweed control was 55 to 79%; however, the addition of
glufosinate to either dicamba or 2,4-D improved control to ≥ 93%.
Glyphosate, glufosinate, and 2,4-D are used in a variety of crop situations
(Anonymous 2011; Anonymous 2014a,b). 2,4-D-resisant soybean are also resistant to
glyphosate and glufosinate (Simpson et al. 2014). Understanding control of GR Palmer
amaranth with multiple herbicide MOA integrated into a production system is crucial for
growers. Therefore, a greenhouse study and two separate field studies were conducted to
evaluate 2,4-D alone and in mixtures for control of GR Palmer amaranth. The objective
of the greenhouse study was to identify optimum rate of 2,4-D for control of 5- and 10cm GR Palmer amaranth. The objective of the field studies was to evaluate mixtures of
glyphosate, glufosinate, and/or 2,4-D for control of different sizes of GR Palmer
amaranth.
Heavy reliance on herbicides for weed control and rapid evolution of resistance to
multiple herbicide MOA in Palmer amaranth have increased interest in cultural practices
for Palmer amaranth management. Therefore, research was conducted to determine the
impact of soybean row spacings and residual herbicide application for Palmer amaranth
emergence management.
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CHAPTER II
EVALUATION OF 2,4-D FOR CONTROL OF GLYPHOSATE-RESISTANT
PALMER AMARANTH

Abstract
Field studies in 2013 and 2014 and a greenhouse study in 2014 were conducted in
Stoneville, MS, to evaluate POST control of glyphosate-resistant (GR) Palmer amaranth
with 2,4-D alone and in mixtures. In the greenhouse study, control of 5- and 10-cm GR
Palmer amaranth was maximized with 2,4-D at 0.84 kg ae ha-1. Biomass reduction of GR
Palmer amaranth was ≥ 81% with 2,4-D at 0.84 kg ha-1. In field studies, mixtures of
glufosinate at 0.59 kg ai ha-1 and 2,4-D at 0.56 or 1.12 kg ha-1 controlled 5- to 10-cm GR
Palmer amaranth 88% 28 d after treatment (DAT); however, this control was similar to
that with 2,4-D alone at 1.12 kg ha-1. Pooled across glyphosate and 2,4-D treatments,
glufosinate alone applied to 5- to 10-cm GR Palmer amaranth reduced dry weight 68% 28
DAT. Mixtures of 2,4-D plus glufosinate provided ≥ 92% control of 15- to 20-cm GR
Palmer amaranth 28 DAT. When applied to 15- to 20-cm plants, mixtures of 2,4-D plus
glufosinate reduced GR Palmer amaranth density ≥ 90%, which was comparable to
reduction following glufosinate alone and 2,4-D at 1.12 kg ha-1. Herbicide mixtures
containing glufosinate provided the greatest control of 15- to 20-cm GR Palmer
amaranth. However, no herbicide mixtures provided 100% control of 5- to 10-cm nor 15to 20-cm GR Palmer amaranth. Glufosinate and 2,4-D are viable control options for 5- to
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10-cm or 15- to 20-cm GR Palmer amaranth. However, 2,4-D did not improve GR
Palmer amaranth control when added to any herbicide mixture except glyphosate.
Nomenclature: Glyphosate; glufosinate; 2,4-D; Palmer amaranth [Amaranthus
palmeri (S.) Wats.] AMAPA;
Keywords: Greenhouse, 2,4-D rate, herbicide mixtures
Introduction
Palmer amaranth can be characterized as an erect summer annual capable of
reaching heights of 2 m (Bryson and DeFelice 2009). It has oval-shaped leaves, petioles
as long or longer than the leaf blade, green or reddish stems, and can have a white vshaped watermark on the leaves (Gleason and Cronquist 1991; Horak et al. 1994; Sauer
1955). Palmer amaranth seeds are typically between 1.0 and 1.3 mm in diameter (Bryson
and DeFelice 2009). A rapid growth rate, high fecundity, genetic diversity, ability to
tolerate adverse conditions, and tendency to develop herbicide resistance allow Palmer
amaranth to compete with crops for nutrients, light, water, and space (Monks and Oliver
1988; Ward et al. 2013). A single female Palmer amaranth plant can produce up to
600,000 viable seed plant-1 without competition (Keeley et al. 1987).
Since the first documentation of herbicide resistance in Palmer amaranth to the
dinitroaniline herbicide family, it has evolved resistance to multiple herbicide MOA
including acetolactate synthesis inhibitors, EPSP synthase inhibitors, 4hydroxyphenylpyruvate dioxygenase inhibitors, and photosystem II inhibitors (Culpepper
et al. 2006; Gossett et al. 1992; Jhala et al. 2014; Sprague et al. 1997; Thompson et al.
2012). Palmer amaranth was first documented GR in 2005 in Macon County, GA
(Culpepper et al. 2006). After GR Palmer amaranth was identified in Georgia, failure to
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control Palmer amaranth with glyphosate occurred in other southeastern states including
Alabama, Arkansas, Florida, Georgia, Louisiana, Mississippi, North and South Carolina,
and Tennessee (Heap 2015). Currently, there is no documentation of Palmer amaranth
resistance to 2,4-D, dicamba, or glufosinate (Heap 2015).
2,4-D is one of the oldest and most widely used synthetic herbicides (Troyer
2001). First discovered in 1941, 2,4-D was intended for use as a defoliant in biological
warfare during World War II and was under government secrecy until 1944 (Hamner and
Tukey 1944; Mitchell et al. 1944; Troyer 2001). However, 2,4-D was not utilized in the
military until the Vietnam War (Lilienfield and Gallo 1989). 2,4-D is a dichotomous,
selective, synthetic auxin herbicide which mimics the natural plant hormone indole 3acetic acid (IAA) (Grossman 2010; Shaner 2014). Indole 3-acetic acid is vital for
communication between plant organs, for cell elongation, and in cell division (Grossman
2010; Mithila et al. 2011; Went 1926). Many plant growth processes are regulated by
auxins such as IAA due in part to their effects on gene regulation (Guilfoyle 2007;
Mithila et al. 2011). Conversion of parent molecules from aryl hydroxylation and
glycoside conjugate by means of decarboxylation and side chain elongation and
degradation are thought to be means of selectivity of weed control with auxin herbicides
(Broadhurst et al. 1966; Coupland 1994; Hagin et al. 1970; Owen 1991). 2,4-D is
adsorbed via plant roots, transported via the symplastic pathway (including phloem), and
accumulates in root and shoot growing points (Ashton and Crafts 1981; Shaner 2014).
2,4-D controls several broadleaf weed species including Amaranthus spp. and is
applied in aquatic, lawn, and agricultural settings (EPA 2005; Shaner 2014). Current 2,4D labeling is for POST weed control in barley (Hordeum vulgare L.), wheat (Triticum
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aestivum L.), oats (Avena sativa L.), grain sorghum (Sorghum bicolor L.), pastures and
rangeland, lawns, golf courses, cemeteries, parks, and ornamental turf with different
specifications for each situation (EPA 2005). In sugarcane (Saccharum officinarum L.),
rice (Oryza sativa L.), and corn (Zea mays L.), 2,4-D is labeled for both PRE and POST
applications (Anonymous 2014a; EPA 2005). Currently, the only labeling for 2,4-D
application in soybean is preplant (EPA 2005).
Symptoms of 2,4-D in susceptible plants can be similar to those from other
synthetic auxin herbicides and include leaf cupping and curling, epinastic petiole and
stem response, stem swelling, and stem elongation (Shaner 2014). Abnormal growth and
metabolic activation such as gene expression, enzyme synthesis, ethylene formation, and
abscisic acid (ABA) accumulation occur in broadleaf plants after 5 h of exposure to
synthetic auxins. Decaying of plants begins as soon as 72 h after exposure to synthetic
auxins (Grossman 2010). These symptoms are typically followed by chlorosis and
necrosis at growing points, wilting, and growth inhibition. Total plant death is slow and
can take 3 to 5 wk (Shaner 2014).
Glufosinate is a non-selective member of the phosphinic acid herbicide family
and controls several dichotomous and monocot weed species including Palmer amaranth
(Anonymous 2011; Coetzer et al. 2002; York et al. 2009). Glufosinate inhibits the
glutamine synthetase pathway by binding to the active site of glutamine synthetase and
competing for glutamate (Coetzer and Al-Khatib 2001; Manderscheid and Wild 1986).
The glutamine synthetase pathway is the most efficient pathway for the detoxification of
ammonia, which inhibits photosynthesis (Coetzer and Al-Khatib 2001; Sauer et al. 1987;
Wild and Manderscheid 1984).
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Inhibition of glutamine synthetase in Palmer amaranth was 77% 6 h after
treatment with glufosinate (Coetzer and Al-Khatib 2001). Photosynthetic rates of Palmer
amaranth were reduced up to 31% 1 h after treatment (Coetzer and Al- Khatib 2001).
Proper time of day for glufosinate application can have a significant effect on Palmer
amaranth control (Coetzer and Al- Khatib 2001). Martinson et al. (2002) reported
greatest weed control with glufosinate was between the 9th and 18th h of the day, and
subsequently the lowest weed control was observed following applications in the 6th, 21st,
and 24th h of the day.
Glyphosate is a broad spectrum, non-selective herbicide developed in the 1970’s
(Green and Castle 2010). Glyphosate’s MOA is inhibition of 5-enolpyruvylshikimate
acid 3-phosphate synthase (EPSP), which competes with phosphenolypyruvate (PEP) by
binding to the PEP site and preventing the biosynthesis of aromatic amino acids
(Schönbrunn et al. 2009; Steinruken and Amrhein 1980). Glyphosate controls numerous
dichotomous and monocot weed species (Anonymous 2014b). In recent years,
glyphosate applications over millions of ha has caused the selection of GR weed biotypes
(Franz et al. 1997; Heap 2015).
Single herbicide MOA are no longer recommended for controlling GR Palmer
amaranth (Ward et al. 2013). Dicamba- and 2,4-D-resistant crops have been developed
and deregulated (Dario 2015; Friend 2014). The use of 2,4-D-resistant soybean could
offer producers more flexibility for controlling GR weeds (Johnson et al. 2012). Previous
research has shown that mixtures of glufosinate and 2,4-D can improve control of GR
horseweed [Conyza canadensis (L.) Cronq.], GR common lambsquarters (Chenopodium
album L.), and GR giant ragweed (Ambrosia trifida L.) up to 96% (Barnett et al. 2013;
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Chahal and Johnson 2012). Barnett et al. (2013) reported that when 2,4-D and dicamba
were applied alone, GR giant ragweed control was 55 to 79%; however, the addition of
glufosinate to either dicamba or 2,4-D improved control to ≥ 93%.
Glyphosate, glufosinate, and 2,4-D are used in a variety of crop situations
(Anonymous 2011; Anonymous 2014a,b). 2,4-D-resisant soybean are also resistant to
glyphosate and glufosinate (Simpson et al. 2014). Understanding control of GR Palmer
amaranth with multiple herbicide MOA integrated into a production system is crucial for
growers. Therefore, a greenhouse study and two separate field studies were conducted to
evaluate 2,4-D alone and in mixtures for control of GR Palmer amaranth. The objective
of the greenhouse study was to identify optimum rate of 2,4-D for control of 5- and 10cm GR Palmer amaranth. The objective of the field studies was to evaluate mixtures of
glyphosate, glufosinate, and/or 2,4-D for control of different sizes of GR Palmer
amaranth.
Materials and Methods
2,4-D Rate Study
Greenhouse study was conducted in 2014 at the Mississippi State University
Delta Research and Extension Center in Stoneville, MS (33°25'26.11"N,
90°54'44.16"W), to determine the optimum rate of 2,4-D for control of 5- and 10-cm GR
Palmer amaranth. Glyphosate-resistant Palmer amaranth seed were surface-seeded into
53- x 28-cm trays containing Metro-Mix (Sun Gro Horticulture, 770 Silver Street
Agawam, MA, U.S. 01001) potting media composed of 35 to 45% Canadian Sphagnum
peat moss, horticulture grade vermiculite, composted pine bark, bark ash, and dolomitic
limestone. Greenhouse temperatures were 32/25 C (± 3 C) day/night and supplemented
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with light from sodium vapor lamps set to a 14-h photoperiod. When seedlings reached
the cotyledon stage and were approximately 1 cm in height, they were transplanted to 10cm wide x 13-cm deep pots containing identical potting media. Pots were sub-irrigated
as needed.
Treatments were arranged as a two-factor factorial of application timings and 2,4D rates in a randomized complete block design with four replications, and the study was
repeated three times. Factor A was application timing and included GR Palmer amaranth
at 5 and 10 cm. Factor B was 2,4-D rates of 0, 0.56, 0.84, 1.12, 1.4, and 1.68 kg ha-1.
Treatments were applied when plants uniformly reached 5 and 10 cm in height with three
to four and seven to eight leaves, respectively. Treatments were applied using a
Generation III Research Spray Chamber (DeVries Manufacturing, 86956 State Highway
251 Hollandale, MN 56045) calibrated to deliver 140 L ha-1 at 248 kPa, fitted with an
even flat-fan (XR8002E TeeJet® P.O. Box 7900 Wheaton, IL 60187) nozzle. After
application, treated plants were moved approximately 180 m from the greenhouse and
separated to minimize potential for volatilization from pots treated with higher rates of
2,4-D to those treated with lower rates. After approximately 4 to 6 h, plants were
returned to the greenhouse.
Visual estimates of GR Palmer amaranth control were recorded 7, 14, 21, and 28
d after treatment (DAT) on a scale from 0 to 100% with 0 representing no control and
100 equaling complete control. At 28 DAT, height of GR Palmer amaranth was
measured and recorded. Aboveground fresh biomass was collected 28 DAT and ovendried for 7 d at 60 C to obtain dry weight. Biomass and height reductions were calculated
using the following formula:
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Percent reduction = [(Plant biomass or height of nontreated
– plant biomass or height of treated)/plant biomass or height of nontreated] x 100

[2.1]

Data were regressed against 2,4-D rate allowing for both linear and quadratic
terms with coefficients depending on application timing and non-significant model terms
were removed sequentially until a satisfactory model was obtained (Golden et al. 2006).
A satisfactory model that expressed an accurate trend in data was not developed;
therefore, 2,4-D at 0.0 kg ha-1 was removed and data were subjected to ANOVA.
Arcsine transformations of the square roots of visual control estimates, height reduction,
and biomass reduction were performed to improve homogeneity of variances.
Transformed data were subjected to ANOVA using the PROC MIXED procedure in SAS
v. 9.3 (SAS Institute Inc. 100 SAS Campus Drive Cary, NC 27513-2414, USA) with
experimental run and replication (nested within experimental run) as random effects
parameters (Blouin et al. 2011). Type III Statistics were used to test the fixed effect of
herbicide and application timing for visual control estimates, height, and biomass
reduction of GR Palmer amaranth. Least square means were calculated and mean
separation (p ≤ 0.05) was produced using PDMIX800 in SAS, which is a macro for
converting mean separation output to letter groupings (Saxton 1998). Non-transformed
data are presented for clarity.
Herbicide Mixtures Studies
Two separate field studies were conducted to evaluate control of different sizes of
GR Palmer amaranth with multiple rates of 2,4-D alone and in mixtures with glyphosate
and/or glufosinate. An Early Application Study targeting 5- to 10-cm GR Palmer
amaranth was conducted once in 2013 (33°24'26.66"N, 90°55'31.16"W) and twice in
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2014 (33°24'27.03"N, 90°55'36.51"W and 33°24'26.81"N, 90°55'36.51"W) at the
Mississippi State University Delta Research and Extension Center in Stoneville, MS. A
Late Application Study targeting 15- to 20-cm GR Palmer amaranth was conducted once
in 2013 (33°24'24.93"N, 90°55'31.06"W) and once in 2014 (33°24'28.26"N,
90°55'31.26"W). Soil series each site year was a Commerce silty clay loam (Fine-silty,
mixed, superactive, nonacid, thermic Fluvaquentic Endoaquepts) containing 1.57%
organic matter and a pH of 6.85. Experimental sites were conventionally tilled to
stimulate germination of GR Palmer amaranth; however, additional GR Palmer amaranth
were surface-seeded each site year to ensure uniform infestation. Weather data at time of
application in both studies were recorded from the Delta Research and Extension Center
weather station located approximately 2.3 km from the experimental sites (Table 2.1).
The experimental design for both Herbicide Mixtures Studies was a randomized
complete block with a three-factor factorial treatment arrangement and four replications.
Factor A was glyphosate (Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO
63167) rates of 0 and 0.86 kg ae ha-1; Factor B was glufosinate (Bayer CropScience Crop
Protection headquarters Bayer CropScience AG Alfred-Nobel-Str. 50 40789 Monheim
am Rhein) rates of at 0 and 0.59 kg ai ha-1; and Factor C was 2,4-D (Agri Star, 1525 NE
36th Street, Ankeny, Iowa 50021) rates of 0, 0.56, and 1.12 kg ha-1. Treatments were
applied using a tractor-mounted sprayer calibrated to the deliver 140 L ha-1 at 248 kPa,
fitted with extended range flat fan (XR10002 TeeJet® P.O. Box 7900 Wheaton, IL 60187)
nozzles, when GR Palmer amaranth in each plot uniformly reached designated growth
stages for each study.

24

In each Herbicide Mixture Study, visual estimates of GR Palmer amaranth control
were recorded 7, 14, 21, and 28 d after treatment (DAT) on the scale previously
described. At 28 DAT, all GR Palmer amaranth plants in two 1-m2 quadrats in each plot
were hand-harvested to document density and aboveground dry weight. Harvested GR
Palmer amaranth were oven-dried for 7 d at 60 C and then weighed.
For both Herbicide Mixtures Studies, arcsine transformations of the square roots
of visual control estimates for GR Palmer amaranth were performed to improve
homogeneity of variances. Transformed data were subjected to ANOVA using the
PROC MIXED procedure in SAS v. 9.3 with site year and replication (nested within site
year) as random effect parameters (Blouin et al. 2011). Type III Statistics were used to
test the fixed effects of herbicide mixtures for visual control estimates, density, and dry
weight of GR Palmer amaranth. Least square means were calculated and mean
separation (p ≤ 0.05) was produced using PDMIX800 in SAS. Non-transformed data are
presented for clarity.
Results and Discussions
2,4-D Rate Study
A main effect of 2,4-D rate was detected for GR Palmer amaranth control 7, 21,
and 28 DAT and biomass reduction (Table 2.2). Pooled across application timing, 2,4-D
at 1.4 kg ha-1 provided the greatest GR Palmer amaranth control 7 DAT; however, at 21
and 28 DAT control was optimized with 2,4-D at 0.84 kg ha-1 (Table 2.2). Everitt and
Keeling (2007) reported the most consistent control of Russian thistle [Salsola iberica
(Sennen & Pau) Botch. ex Czerepanov] with 2,4-D at 1.12 kg ha-1. Maximum GR Palmer
amaranth biomass reduction was observed with 2,4-D rates ≥ 0.84 kg ha-1; however, there
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were no differences among rates ≥ 0.84 kg ha-1 (Table 2.2). Palmer amaranth height as a
percent reduction from the non-treated were not significant, therefore data are not
presented.
A main effect of application timing influenced GR Palmer amaranth control 7
DAT and biomass reduction 28 DAT (Table 2.3). Pooled over 2,4-D rates, control of GR
Palmer amaranth 7 DAT was greatest when targeted at 5 cm (Table 2.3). Edwards (2013)
reported the greatest level of control with dicamba, another auxin herbicide, was achieved
when targeting 5-cm Palmer amaranth. Hager (2014) suggested the use of synthetic
auxin herbicides when Palmer amaranth was ≤ 10 cm for optimal control. Glyphosateresistant Palmer amaranth plants at 5 cm had 19% less biomass after application than
those 10 cm (Table 2.3).
Herbicide Mixtures Studies
Early Application Study
A three-way interaction of glyphosate, glufosinate, and 2,4-D was detected at all
four evaluation intervals for GR Palmer amaranth control. Control of GR Palmer
amaranth with 2,4-D alone at 1.12 kg ha-1 and glyphosate alone was similar 7 DAT
(Table 2.4). 2,4-D alone controlled more GR Palmer amaranth at 1.12 kg ha-1 than at
0.56 kg ha-1 7 DAT (Table 2.4). The addition of glyphosate to 2,4-D at 0.56 or 1.12 kg
ha-1 improved control to ≥ 69% 7 DAT (Table 2.4). The addition of glufosinate to 2,4-D
at 0.56 or 1.12 kg ha-1 with or without glyphosate improved control to ≥ 94% (Table 2.4).
At 14 DAT, GR Palmer amaranth control with both rates of 2,4-D alone was
comparable to that with glyphosate alone (Table 2.5). Control 14 DAT was ≥ 77% when
glyphosate was added to either rate of 2,4-D (Table 2.5). Palmer amaranth control
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increased 14 DAT when glufosinate was added to 2,4-D but not when added to
treatments of glyphosate or glyphosate plus 2,4-D (Table 2.5).
At all evaluations, increasing 2,4-D rate from 0.56 to 1.12 kg ha -1 in application
with glufosinate did not improve GR Palmer amaranth control (Tables 2.4, 2.5, 2.6, 2.7).
No differences in control were observed with two- and three-way herbicide mixtures at
14, 21, and 28 DAT (Tables 2.5, 2.6, 2.7). 2,4-D alone at 1.12 kg ha-1 controlled GR
Palmer amaranth similar to mixtures of glyphosate plus 2,4-D at either rate 14 DAT;
however, at 21 and 28 DAT, 2,4-D at 1.12 kg ha-1 provided comparable control to all
two- and three-way mixtures (Tables 2.5, 2.6, 2.7). Glufosinate alone controlled GR
Palmer amaranth similar to two- and three-way herbicide mixtures at 14, 21, and 28 DAT
(Tables 2.5, 2.6, 2.7). Craigmyle et al. (2013) also reported that an increase in 2,4-D rate
in mixture with glufosinate did not improve broadleaf or grass control. Other research
suggests that control of Palmer amaranth with auxin herbicides is maximized with the
addition of glufosinate (Merchant et al. 2013). However, application timing is critical for
weed control with glufosinate (Coetzer and Al- Khatib 2001).
Density of GR Palmer amaranth was not affected by the treatments imposed in
this study (data not presented). However, there was a main effect of glufosinate for dry
weight of GR Palmer amaranth (Table 2.8). Pooled across glyphosate and 2,4-D
treatments, glufosinate reduced dry weight of GR Palmer amaranth 68% 28 DAT (Table
2.8).
Late Application Study
A three-way interaction of glyphosate, glufosinate, and 2,4-D was detected for
control of 15- to 20-cm GR Palmer amaranth 7, 14, and 21 DAT (Tables 2.9, 2.10, 2.11).
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Similar control of GR Palmer amaranth with both rates of 2,4-D alone and glyphosate
alone was observed 7 DAT (Table 2.9). The addition of glyphosate to either rate of 2,4D provided no better control of GR Palmer amaranth than glyphosate alone 7 DAT
(Table 2.9). The addition of glufosinate to either rate of 2,4-D provided the greatest
control and was comparable to all treatments containing glufosinate (Table 2.9).
Glufosinate alone provided ≥ 93% control 7 DAT and this was comparable to control
with all two- and three-way mixtures that included glufosinate (Table 2.9).
By 14 DAT, either rate of 2,4-D alone controlled more GR Palmer amaranth than
glyphosate alone (Table 2.10). Control with 2,4-D alone was less at 7, 14, and 21 DAT
evaluation intervals than previously reported for treating 15- to 20-cm Palmer amaranth
(Merchant et al. 2013). Palmer amaranth control was increased 14 DAT with the addition
of glyphosate to either rate of 2,4-D; however, 2,4-D at 1.12 kg ha-1 plus glyphosate
provided better control than 2,4-D at 0.56 kg ha-1 14 DAT (Table 2.10). At 7, 14, and 21
DAT, control of GR Palmer amaranth with 2,4-D alone at either rate was similar (Tables
2.9, 2.10, 2.11). 2,4-D at 1.12 kg ha-1 28 DAT provided better GR Palmer amaranth
control than 2,4-D at 0.56 kg ha-1 (Tables 2.12). Improved control with glyphosate added
to either rate of 2,4-D at 14 and 21 DAT intervals can be attributed to a natural
population of GR and non GR Palmer amaranth (Whitaker 2010).
Previous research reported, ≤ 27% control of populations with mixtures of GR
and non-GR Palmer amaranth with glyphosate alone (Whitaker 2010). Merchant et al.
(2013) reported similar control of 15- to 20-cm Palmer amaranth with glufosinate alone
20 DAT to that observed in current research; however, the addition of 2,4-D improved
control to ≥ 89% control. These findings are consistent with 14, 21, and 28 DAT
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evaluations in the Late Application Study targeting 15- to 20-cm GR Palmer amaranth
where ≥ 89% control of GR Palmer amaranth was observed when glufosinate was added
to glyphosate and/or 2,4-D (Tables 2.10, 2.11, 2.12). Pooled across glyphosate
treatments, mixtures of 2,4-D and glufosinate provided ≥ 92% control; however, 2,4-D at
1.12 kg ha-1 provided comparable control to glufosinate alone 28 DAT (Table 2.12).
Weight of GR Palmer amaranth was not affected by the treatments imposed in
this study (data not presented). An interaction of 2,4-D and glufosinate was detected 28
DAT for GR Palmer amaranth density. Pooled across glyphosate treatments, glufosinate
alone or in mixture with either rate of 2,4-D provided ≥ 83% reduction in plant density
(Table 2.12). All treatments containing glufosinate plus 2,4-D, or either rate of 2,4-D
reduced plant densities more than when no glufosinate or no 2,4-D was applied (Table
2.12).
Multiple MOA provide optimal control of GR Palmer amaranth (Dillon et al.
2011). Merchant (2013) reported that Palmer amaranth control with 2,4-D alone at rates
of 0.53, 0.80, and 1.06 kg ha-1 was 68, 79, and 80%, respectively, when treating 15- to
20-cm plants. However, the addition of glufosinate to 2,4-D at these rates improved
control of Palmer amaranth to 89 to 97%. This research also found that the greatest
control occurred when glufosinate and 2,4-D were applied in mixtures compared with
either applied alone (Merchant 2013).
Control of GR Palmer amaranth in Herbicide Mixtures Studies and 2,4-D Rate
Study in the current research never reached 100%. Merchant et al. (2013) reported near
perfect control of GR Palmer amaranth is crucial due to its competitiveness. Culpepper
et al. (2010) suggested that the most effective and economic techniques for GR Palmer
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amaranth control were those that were preventative such as the use of soil residual
herbicides and MOA. Incorporation of PRE herbicides followed by POST application
herbicide systems should be utilized when managing GR Palmer amaranth (Whitaker et
al. 2010). Dillon et al. (2011) reported the most consistent control of GR Palmer
amaranth was achieved with PRE herbicides followed by POST herbicides with different
MOA when GR Palmer amaranth was ≤ 7 cm tall.
In a greenhouse environment, optimal GR Palmer amaranth control with 2,4-D
alone was achieved with currently labeled rates (Anonymous 2014a), and no benefit was
gained from increasing rates above 0.84 kg ha-1. The greater GR Palmer amaranth
control observed in the greenhouse compared with field studies with 2,4-D alone is likely
due to control of temperature, humidity, water, and pests in the greenhouse (Edwards
2013).
Based on this two-year study, multiple herbicide MOA provided the greatest level
of GR Palmer amaranth control. 2,4-D was not beneficial to any mixture except
glyphosate in the Late Application Study. 2,4-D alone at 1.12 kg ha-1 provided similar
control with that of two- and three-way herbicide mixtures 28 DAT in the Early
Application Study. Glyphosate plus 2,4-D at either rate provided comparable control of
GR Palmer amaranth 28 DAT to all other mixtures applied at early application timings;
however, when applied at later application timing, mixtures of glufosinate and 2,4-D
provided the greatest control of GR Palmer amaranth 28 DAT. Control was similar with
glufosinate alone or all mixtures containing glufosinate in Early Application Study, but
glufosinate alone provided less control than glufosinate plus 2,4-D mixtures in Late
Application Study. 2,4-D alone at 1.12 kg ha-1 provided comparable control to all 2,4-D,
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glyphosate, and/or glufosinate mixtures 28 DAT in the Early Application Study.
Mixtures with glufosinate provided the greatest control of GR Palmer amaranth in Late
Application Study; however, no mixtures provided 100% control of GR Palmer
amaranth. Optimal control with glyphosate plus 2,4-D programs is dependent upon
application timing. Glufosinate and 2,4-D both provide viable options for GR Palmer
amaranth; however, 2,4-D added no benefit to any herbicide mixture except glyphosate.
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Table 2.1
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Late Application
Study

Early Application
Study

Study

17

July 7, 2014

22

June 25, 2014
21

18

May 22, 2014

June 16, 2013

20

C

32

33

32

30

27

C

Temperature
low
high

June 5, 2013

Date

Precipitation

96

48

6

72

24

h after application

Interval

3.05

0.05

0.05

4

3

cm

Quantity

Weather data collected from the Mississippi State University Delta Research and Extension Center weather station at
time of application for Herbicide Mixtures Studies in 2013 and 2014.

71 b
70 b
72 b
79 a
72 b

0.56

0.84

1.12

1.4

1.68

89 a

90 a

84 ab

85 ab

80 b

92 a

92 a

87 ab

87 ab

81 b

92 a

92 a

85 a

81 ab

72 b

64 b

10 cm

74 b

93 a

Biomass reduction
%_______________________________________________

Data are pooled over five (GR Palmer amaranth control and biomass reduction) rates of 2,4-D and three experiments. Means
within a column followed by the same letter are not different at p ≤ 0.05.

a

81 a

5 cm

GR Palmer amaranth control

__________________________________________________

Effect of application timing on control of 5 and 10-cm GR Palmer amaranth 7 d after treatment (DAT) and biomass
reduction 28 DAT in 2,4-D Rate Study at Stoneville, MS, in 2014.

Application timing

Table 2.3

All data pooled over three experiments and two application timings. Means within a column followed by the same letter are not
different at p ≤ 0.05.

a

7 DAT

GR Palmer amaranth control
21 DAT
28 DAT
Biomass reduction
__________________________________________________________ ______________________________________________________________
%

Control of 5 and 10-cm GR Palmer amaranth 7, 21, 28 d after treatment (DAT), and biomass reduction 28 DAT in
2,4-D Rate Study at Stoneville, MS, in 2014.

Rate
kg ae ha-1

Table 2.2

33

58 e

1.12

a

95 a

94 ab

86 bcd

76 cd

69 d

58 e

56 c
70 bc

0.56

1.12

94 a

94 a

83 ab

82 ab

77 ab

47 c

95 a

95 a

85 ab

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05

0d

_____________________________________________________________________________

no glufosinate

0

2,4-D Rate
kg ae ha-1

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 14 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 5- to 10-cm plants in an Early Application Study at Stoneville, MS, in 2013 and 2014a

96 a

94 ab

90 abc

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05.

43 f

0.56

Table 2.5

a

0g

_____________________________________________________________________________

no glufosinate

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 7 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 5- to 10-cm plants in an Early Application Study at Stoneville, MS, in 2013 and 2014a

0

2,4-D Rate
kg ae ha-1

Table 2.4

34

72 ab

1.12

a

93 a

92 a

82 a

81 ab

71 ab

43 c

56 b
72 ab

0.56

1.12

88 a

88 a

79 ab

79 ab

68 ab

34 c

92 a

89 a

73 ab

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05.

0d

_____________________________________________________________________________

no glufosinate

0

2,4-D Rate
kg ae ha-1

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 28 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 5- to 10-cm plants in an Early Application Study at Stoneville, MS, in 2013 and 2014a

94 a

94 a

79 ab

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05

59 b

0.56

Table 2.7

a

0d

_____________________________________________________________________________

no glufosinate

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 21 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 5- to 10-cm plants in an Early Application Study at Stoneville, MS, in 2013 and 2014a

0

2,4-D Rate
kg ae ha-1

Table 2.6

35

14 b

0.59

a

53 c
56 bc

0.56

1.12

94 a

94 a

93 a

69 b

66 bc

56 bc

94 a

94 a

94 a

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05

0d

_____________________________________________________________________________

no glufosinate

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 7 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 15- to 20-cm plants in Late Application Study at Stoneville, MS, in 2013 and 2014a.

0

2,4-D Rate
kg ae ha-1

Table 2.9

Data are pooled over two rates of glyphosate (0 and 0.86 kg ae ha-1), three rates of 2,4-D (0, 0.56, and 1.12 kg ai ha-1), and three
experiments. Means followed by the same letter are not different at p ≤ 0.05.

45 a

0

a

Dry weight
g

Glyphosate-resistant Palmer amaranth dry weight 28 d after treatment (DAT) with glufosinate applied to 5- to 10-cm
plants in an Early Application Study at Stoneville, MS, in 2013 and 2014a.

Glufosinate rate
kg ai ha-1

Table 2.8

36

66 d

1.12

a

95 a

94 a

89 ab

82 b

73 c

40 e

54 e
67 d

0.56

1.12

95 a

92 a

81 bc

81 bc

72 cd

24 f

94 a

95 a

89 a

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05

0g

_____________________________________________________________________________

no glufosinate

0

2,4-D Rate
kg ae ha-1

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 21 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 15- to 20-cm plants in Late Application Study at Stoneville, MS, in 2013 and 2014a

95 a

97 a

92 a

%______________________________________________________________

glyphosate 0.86 at kg ae ha-1
no glufosinate
glufosinate 0.59 at kg ai ha-1

Data are pooled over three experiments. Means followed by the same letter are not different at p ≤ 0.05.

53 d

0.56

Table 2.11

a

0f

_____________________________________________________________________________

no glufosinate

no glyphosate
glufosinate at 0.59 kg ai ha-1

Glyphosate-resistant (GR) Palmer amaranth control 14 d after treatment (DAT) with mixtures of 2,4-D, glyphosate,
and/or glufosinate applied to 15- to 20-cm plants in Late Application Study at Stoneville, MS, in 2013 and 2014a.

0

2,4-D Rate
kg ae ha-1

Table 2.10

37

61 c
74 b

0.56

1.12

95 a

92 a

80 b

29 b

42 c

65 d

8a

6a

11 ab

GR Palmer amaranth density
no glufosinate
glufosinate 0.59 kg ai ha-1
_____________________________
-2____________________________
no. m

Data are pooled over two glyphosate (0 and 0.86 kg ae ha-1)rates and two experiments. Means followed by the same letter are not
different at p ≤ 0.05

a

0d

0

GR Palmer amaranth control
no glufosinate
glufosinate 0.59 kg ai ha-1
__________________________________ ______________________________
%

Glyphosate-resistant Palmer amaranth control and density 28 d after treatment (DAT) with mixtures of 2,4- D and
glufosinate applied to 15- to 20-cm plants in Late Application Study at Stoneville, MS, in 2013 and 2014a

2,4-D Rate
kg ae ha-1

Table 2.12
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CHAPTER III
EVALUATION OF ROW SPACING AND RESIDUAL HERBICIDES FOR
GLYPHOSATE-RESISTANT PALMER AMRANTH MANAGEMENT
IN SOYBEAN

Abstract
Field studies were conducted in 2013 and 2014 in Stoneville, MS, to determine
the impact of soybean row spacing and residual herbicide applications for glyphosateresistant (GR) Palmer amaranth management. Row spacing alone had no effect on
Palmer amaranth emergence 10 to 100 d after planting (DAP). Flumioxazin plus
pyroxasulfone at 681 plus 922 g ai ha-1 applied at planting reduced Palmer amaranth
emergence ≥ 93% 60 DAP. Soybean achieved maximum light interception 60 DAP
across 19-, 38-, and 76-cm row spacings. Light interception from soybean in 19- and 38cm rows was greater 30 DAP than soybean in 76-cm rows. Soybean light interception
was maximized and Palmer amaranth emergence was minimized 60 DAP. Soybean yield
in 19- and 38-cm rows was ≥ 670 kg ha-1 more than that of soybean in 76-cm rows in
plots not treated with flumioxazin plus pyroxasulfone. However, no differences in
soybean height, number of nodes, and yield were detected across all three row spacings in
plots treated with flumioxazin plus pyroxasulfone. In situations with severe GR Palmer
amaranth populations, more narrow row spacing alone offered no benefit for GR Palmer
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amaranth management; however, the application of residual herbicides at planting
improved GR Palmer amaranth control.
Nomenclature: Flumioxazin; pyroxasulfone; Palmer amaranth [Amaranthus
palmeri (S.) Wats.] AMAPA; Soybean [Glycine max (L.) Merr.] GLXMA
Keywords: Glyphosate-resistant, emergence, photosynthetically active radiation,
row spacing, residual herbicides
Introduction
Soybean was domesticated in China around 1500 to 1100 B.C. (Hymowitz 1970).
Soybean was first introduced to the United States in 1765 to manufacture soy sauce,
vermicelli, and a powder substitute form of sweet potato (Ipomoea batatas L.)
(Hymowitz 2004). It is an annual plant growing 75 to 125 cm in height with a diffuse
root system consisting of a tap root and a large number of secondary roots (Shibles et al.
1974). Soybean has four different types of leaves: simple cotyledons, simple primary,
and trifoliates (Lersten and Carlson 2004). Trifoliate leaves are oblong, ovate, or
lanceolate with entire margins (Lersten and Carlson 2004). Soybean are biological
nitrogen fixation agents, meaning they are able to convert atmospheric nitrogen to usable
nitrogen for the plant; therefore, little if any nitrogen fertilization is needed for soybean
production (Lindemann and Glover 2003). Today soybean production is one of the
greatest sources of agriculture revenue for the United States, producing $41.8 billion in
2014 on 187.2 million harvested ha (USDA-NASS 2015a). In Mississippi, soybean
production makes up one third of agriculture revenue, generating $1.17 billion in 2014 on
approximately 5.4 million harvested ha (USDA-NASS 2015a).
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Growers in the midsouthern Untied States traditionally grew later maturing
soybean cultivars ranging from maturity group (MG) V to VII (Heatherly 1999). These
later maturing cultivars, typically planted in May and June, exposed soybean to drought
stress later in the growing season (Heatherly 1999). Consequently, midsouthern United
States soybean growers have shifted soybean production to earlier maturing soybean
cultivars to avoid late-season heat stress (Heatherly 1999).
Chemical and non-chemical control are utilized for weed control in soybean
(Reddy et al. 1999). Non-chemical control tactics consist of row spacing, cultivation,
planting date, crop rotation, and soybean cultivars (Reddy et al. 1999). Chemical control
takes advantage of herbicides applied preplant foliar, preplant incorporated (PPI), PRE,
and/or POST.
In the early 1990’s, herbicides in the dinitroaniline and imidazolinone families
were the primary products used for weed control in soybean; however, Monsanto
Company’s release of glyphosate-resistant (GR) crops in 1996 shifted in-season herbicide
use to almost entirely glyphosate (Dill et al. 2008; Young 2006). Approximately 94% of
United States soybean contained a herbicide-resistant biotechnology trait in 2014
(USDA-ERS 2015). Rapid adoption of GR crops was due in part to their ability to
provide economic benefits, production efficiency and flexibility, soil conservation, and
increased herbicide efficacy by allowing POST herbicide application in crop for weed
control without crop injury (Dill et al. 2008; Green and Castle 2010; Green 2012). The
most widely grown GR crops are soybean, corn (Zea mays L.), and cotton (Gossypium
hirsutum L.) (Dill et al. 2008; Green 2012). However, documentation of 32 GR weed
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biotypes worldwide has brought about concerns of continuous glyphosate use for weed
control (Heap 2015).
Palmer amaranth is a dioecious member of the Amaranthaceae family and is
native to the southwestern region of the United States (Barkley 1986; Bryson and
DeFelice 2009; Sauer 1957). Palmer amaranth can be characterized as an erect summer
annual capable of reaching 2 m in height (Bryson and DeFelice 2009). It has oval shaped
leaves, petioles as long or longer than the leaf blade, green or reddish stem, and can have
a white v-shaped watermark on the leaves (Gleason and Cronquist 1991; Horak et al.
1994; Sauer 1955). Seed of Palmer amaranth are typically between 1.0 and 1.3 mm in
diameter (Bryson and DeFelice 2009), and a single female Palmer amaranth plant can
produce up to 600,000 viable seed plant-1 in the absences of competition (Keeley et al.
1987). In competition with soybean, female Palmer amaranth plants are capable of
producing 139,000 seeds m-2 (Jha et al. 2008a; Keeley et al. 1987).
Of four Amaranthus spp. including redroot pigweed (Amaranthus retroflexus L.),
common waterhemp (Amaranthus rudis Sauer), prostrate pigweed [Amaranthus blitoides
(S.) Wats.] and Palmer amaranth, Palmer amaranth had the largest plant volume and leaf
area (Horak and Loughin 2000). Palmer amaranth also produced dry plant weights and
caused the greatest yield loss in soybean among the four Amaranthus spp. (Horak and
Loughin 2000). Klingaman and Oliver (1994) reported soybean yields were reduced 17
to 68% when Palmer amaranth densities ranged from 0.33 to 10 plants m-1 of row.
In recent years, Palmer amaranth has become one of the most problematic weeds
for growers in the southeastern United States due to its’ rapid growth rate, high fecundity,
genetic diversity, ability to tolerate adverse conditions, and evolution of resistance to
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multiple herbicide MOA (Ward et al. 2013). These characteristics allow Palmer
amaranth to compete with crops for light, water, nutrients, and space in crop (Monks and
Oliver 1988; Ward et al. 2013). Palmer amaranth was first documented GR in 2005 in
Macon County, GA (Culpepper et al. 2006). After GR Palmer amaranth was identified in
Georgia, failure to control Palmer amaranth with glyphosate occurred in other
southeastern states including Alabama, Arkansas, Florida, Georgia, Louisiana,
Mississippi, North and South Carolina, and Tennessee (Heap 2015).
Weed interference with soybean is minimized when using more narrow row
spacings due to faster canopy establishment (Reddy et al. 1999). More narrow row
spacings allow for a denser canopy, which often improves competitiveness of soybean
with later-emerging weeds (Reddy et al. 1999). Yelverton and Coble (1991) reported the
use of row spacing ≤ 38 cm can reduce late-season weed emergence compared with 76cm rows. Knezevic et al. (2003) reported that 19-cm soybean row spacing reduced weed
density compared with 38- and 76-cm rows. Soybean in 76-cm rows did not produce a
canopy as quickly as soybean in more narrow row spacings, and this provided weeds with
additional light compared with 38-cm soybean rows.
Jha and Norsworthy (2009) reported Palmer amaranth emergence from June 30 to
August 25, was 314 Palmer amaranth seedlings m-2 in plots with no soybean compared
with 75 seedlings m-2 in plots with soybean. They suggested soybean grown in more
narrow rows would aid in late-season control of Palmer amaranth, mainly due to quicker
soybean canopy closure at the primary emergence times of the weed (Jha and Norsworthy
2009). Jha et al. (2008a) reported a 37% decrease in Palmer amaranth vegetative biomass
when soybean row spacing was 19 cm compared with 97 cm. They concluded that more
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narrow row spacing can play a significant role in minimizing Palmer amaranth
emergence.
Flumioxazin plus pyroxasulfone is a prepackaged residual herbicide mixture
labeled in soybean and corn for annual broadleaf and grass control (Anonymous 2014).
Flumioxazin is a protophorphyrinogen oxidase (PPO) inhibitor, and pyroxasulfone is a
very long chain fatty acid biosynthesis (VLCFA) inhibitor (Shaner 2014a,b).
Flumioxazin is absorbed by the roots and foliage of plants. Inhibition of the
protophorphyrinogen oxidase enzyme occurs following absorption, and plants die shortly
after exposure to sunlight (Shaner 2014a). Currently, only common ragweed (Ambrosia
artemisiifolia L.) has been reported resistant to flumioxazin (Heap 2015). Pyroxasulfone
is absorbed by the roots and shoots of emerging plants (Shaner 2014b). Pyroxasulfone
inhibits the biosynthesis of VLCFA, causing accumulation of fatty acid precursors and
preventing elongation catalyzed by VLCFA elongases (Shaner 2014b).
Flumioxazin plus pyroxasulfone at 240 and 480 g ha-1 controlled common
lambsquarters (Chenapodium album L.), smooth pigweed (Amaranthus hybridus L.), and
redroot pigweed 95 to 100% (Mahoney et al. 2014). This was consistent with Bernards et
al. (2010), that reported flumioxazin plus pyroxasulfone provided ≥ 90% control of
Palmer amaranth, redroot pigweed, common lambsquarters, and barnyardgrass
[Echinochloa crus-galli (L.) P. Beauv.]. Dillon et al. (2011) reported the most consistent
management strategy for Palmer amaranth in soybean was flumioxazin plus
pyroxasulfone PRE followed by POST application of fomesafen to 7-cm Palmer
amaranth. Heavy reliance on herbicides for weed control and rapid evolution of
resistance to multiple herbicide MOA in Palmer amaranth have increased interest in
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cultural practices for Palmer amaranth management. Therefore, research was conducted
to determine the impact of soybean row spacings and residual herbicide application on
Palmer amaranth emergence.
Materials and Methods
Field studies were conducted at the Mississippi State University Delta Research
and Extension Center in Stoneville, MS, twice in 2013 (33°24'37.98"N, 90°55'17.67"W
and 33°24'38.00"N, 90°55'18.00"W) and 2014 (33°24'30.76"N, 90°55'32.81"W and
33°24'31.00"N, 90°55'32.20"W) to evaluate the effectiveness of different soybean row
spacings and residual herbicide application on emergence of GR Palmer amaranth. Soil
in 2013 was a Bosket sandy loam (fine loamy, mixed, active, thermic Mollic Hapludalfs)
containing 1.57% organic matter with a pH of 6.85 and soil in 2014 was a Commerce
silty clay loam (Fine-silty, mixed, super active, nonacid, thermic Fluvaquentic
Endoaquepts) containing 1.97% organic matter and a pH of 6.59. The 2013 site had been
in soybean production the previous year with a severe GR Palmer amaranth infestation.
The 2014 site was fallow the previous year with GR Palmer amaranth allowed to mature.
Treatments were arranged as a two-factor factorial within a randomized complete
block design with four replications. Factor A was residual herbicide and included no
residual and flumioxazin plus pyroxasulfone at 0.0681 plus 0.0922 g ai ha-1 applied
immediately after planting. Factor B included three soybean row spacings of 19-, 38-,
and 76-cm. Herbicides treatments were applied with a tractor-mounted sprayer calibrated
to deliver 140 L ha-1 at 248 kPa fitted with extended range flat-fan (XR11002 TeeJet®
P.O. Box 7900 Wheaton, IL 60187) nozzles. In 2014, clethodim at 209 g ai ha-1 plus
COC at 1% (v/v) was applied to minimize annual grass interference. In all site years, the
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study was conventionally tilled and planted using a John Deere small-plot air planter
(John Deere 1730, Deer and Company, One John Deere Place Moline, IL, 61265-8098).
‘Asgrow 5433’ (Monsanto Company 800 N. Lindbergh Blvd. St. Louis, MO 63167) and
‘Pioneer 95T11R’ (Pioneer Hi-Bred P.O. Box 1000 Johnston, IA 50131-0184) mid
maturity group V soybean were used in 2013 and 2014, respectively. Studies were
seeded at 370,000 seed ha-1. Both site years in 2013 were harvested on September 5
using a small-plot combine (Kincaid Equipment, 210 West First St., P.O. Box 400;
Haven, KS). Site years in 2014 were harvested on September 5 and 17 respectively.
Palmer amaranth emergence was recorded in all plots at 7- to 10- d intervals
beginning 10 DAP and continuing until no Palmer amaranth seedlings emerged or
soybean harvest. Palmer amaranth emergence was recorded within three randomly
chosen 1-m2 quadrats in each plot, and those counts were averaged to determine mean
Palmer amaranth seedlings m-2. Quadrats were randomly placed at 10 DAP and counts
were recorded from the same area throughout the growing season. Photosynthetically
active radiation (PAR) values were collected using an ACCUPAR LP80 Ceptometer
(Decagon Devices, Inc. 2365 NE Hopkins Court Pullman, WA 99163) in two locations
within each plot at 30, 60, and 90 DAP as an indication of soybean light interception;
however, PAR values collected from plots not treated with flumioxazin plus
pyroxasulfone are not presented because Palmer amaranth prevented accurate light
interception readings from soybean canopy. Photosynthetically active radiation values
from plots treated with flumioxazin and pyroxasulfone were averaged for analysis. All
photosynthetically active radiation values were collected between the 10th and 14th hours
of the day. Environmental data were monitored throughout the growing season using a
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Decagon EM50 Series Data Collection System (Decagon Devices, Inc. 2365 NE Hopkins
Court Pullman, WA 99163-USA) calibrated to record soil moisture and temperature
readings on an hourly basis at a depth of 5-cm; however, due to equipment malfunction
and incomplete data collected, data are not presented (Table A-1). Aboveground weather
data was collected at the Delta Research and Extension Center weather station located
approximately 2.3 km from research sites each year. Soybean height and number of
nodes were collected at maturity. Soybean yields were collected and adjusted to 13%
moisture content.
Data Analysis
Palmer amaranth emergence data were regressed against DAP allowing for both
linear and quadratic terms with coefficients depending on Palmer amaranth emergence
and site year (Golden et al. 2006). Palmer amaranth emergence data were analyzed
across ten evaluation intervals from 10 to 100 DAP; however, no effect of row spacing on
Palmer amaranth emergence was detected. Data was constricted to 20 to 60 DAP
evaluation intervals to better determine effect of row spacing due to minimal Palmer
amaranth emergence from 60 to 100 DAP. All outlying observations were deleted from
the data to reduce variability among Palmer amaranth emergence at each interval.
Nonsignificant (p > 0.05) model terms were removed sequentially and the model was
refit (Golden et al. 2006). However, no satisfactory model was developed. Therefore,
Palmer amaranth emergence data were pooled across two site years and analyzed using
ANOVA independently by year due to variability in natural Palmer amaranth populations
across site years. The total number of cumulative Palmer amaranth plants that emergence
during the time period 20 to 60 DAP in nontreated plots and plots treated with
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flumioxazin plus pyroxasulfone were used for analysis. Palmer amaranth emergence,
mature soybean height, nodes, and yield in treated and nontreated plots were analyzed
separately by year using ANOVA in PROC MIXED procedure in SAS 9.3 (SAS Institute
Inc. 100 SAS Campus Drive Cary, NC 27513-2414) with site year and replication (nested
within site year) as random effect parameters (Blouin et al. 2011). Photosynthetically
active radiation data from treated plots were pooled across site years and subjected to
ANOVA using the PROC MIXED procedure in SAS 9.3 with site year and replication
(nested within site year) as random effect parameters (Blouin et al. 2011). Type III
Statistics were used to test the fixed effects of herbicide on cumulative Palmer amaranth
emergence. Least square means were calculated and mean separation (p ≤ 0.05) were
produced using PDMIX800 in SAS, which is a macro for converting mean separation
output to letter groupings (Saxton 1998).
Results and Discussion
The main effect (p = 0.427) and interaction (p = 0.516) containing soybean row
spacing were not significant for cumulative Palmer amaranth emergence. Jha et al.
(2008b) suggested that Palmer amaranth’s adaptability to lower light could allow it to
thrive when soybean row spacing was more narrow. Light availability is vital for
photosynthesis and competitiveness in crops (Holt 1995). Many plants such as black
nightshade (Solanum nigrum L.), with a C3 photosynthetic pathways respond to shading
by allocating growth differently. Black nightshade increased biomass in leaves instead of
berry production when grown under lower PAR (Fortuin and Omta 1980). However,
plants with a C4 photosynthetic pathway such as Amaranthus spp. are typically not as
tolerant to shading as C3 plants (Steckel et al. 2003). Palmer amaranth utilizes a C4
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photosynthetic pathway but has the ability to adapt to shaded environments (Jha et al.
2008b). Under 47% shading Palmer amaranth exhibited the same photosynthetic rate as
in direct sunlight and responded morphologically to shading by increasing leaf area
indicating, that Palmer amaranth has the ability to adapt to shaded environments and
maintain competitive growth rates (Jha et al. 2008b). Reducing row spacing can aid in
late-season weed suppression (Jha and Norsworthy 2009); however, data from in the
current study, demonstated reducing row spacing provided no benefit with regard to
Palmer amaranth management. Other cultural methods such as deep tillage and crop
rotation may be beneficial, but will likely need to be supplemented with residual
herbicide programs.
A main effect (p ≤ 0.01) and (p ≤ 0.01) of residual herbicide was observed both
years for Palmer amaranth emergence. Residual herbicides are beneficial for reducing
Palmer amaranth emergence (Table 3.1). Flumioxazin plus pyroxasulfone applied
immediately after planting reduced Palmer amaranth emergence 93 and 98% in 2013 and
2014, respectively (Table 3.1).
In plots treated with flumioxazin plus pyroxasulfone, light interception by
soybean plants at 30 DAP increased as row spacing decreased from 76 to 38 and 38 to 19
cm (Table 3.2). Maximum light interception across all row spacings was observed 60
DAP (Table 3.2). There was no increase in light interception across any row spacings
from 60 to 90 DAP (Table 3.2). Dalley et al. (2004) reported that soybean planted on 19and 38-cm rows intercepted more light than those on 76-cm rows, and that reducing row
spacing allowed for a denser canopy and less available light for plants below crop
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canopy. Soybean planted in more narrow rows produced a denser canopy, which
improved competitiveness of soybean with later emerging weeds (Reddy et al. 1999).
Mature soybean height (p = 0.651), number of nodes (p = (0.0686), and yield (p =
0.0757) in plots receiving herbicide treatments were not affected by row spacing (data not
presented). In plots receiving no herbicide soybean yields (p = 0.021) were 27 and 24%
greater when row spacing decreased from 76- to 38-cm or 19-cm, respectively (Table
3.3). Increased yield in plots receiving no herbicide treatment can be attributed to record
average soybean yields across Mississippi in 2013 and 2014 (USDA-NASS 2015b).
There was no difference in soybean height (p = (0.644) or number of nodes (p = 0.0835)
across all three row spacings of soybean in nontreated plots (data not presented).
The importance of residual herbicides for control of GR weeds and
competitiveness of Palmer amaranth has been documented (Bernards et al. 2010; Monks
and Oliver 1988). However, the current research demonstrates that in situations where
residual herbicides are not applied and Palmer amaranth emerges with soybean,
utilization of only one cultural control tactic did not aid in suppression of Palmer
amaranth. Culpepper et al. (2010) concluded that the most effective and economic means
of GR Palmer amaranth control strategies were preventative and included use of soil
residual herbicides and multiple herbicide MOA.
No differences in soybean yield were detected in plots treated with flumioxazin
plus pyroxasulfone; however, in plots receiving no residual herbicide, soybean in more
narrow rows produced greater yield than those in wider rows. Yields of soybean in 19or 38-cm were ≥ 670 kg ha-1 greater than yield of those in 76-cm rows in the absence of a
residual herbicide at planting.
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Research suggests that a narrow row spacing can have many advantages for
midsouthern United States soybean production systems including decreasing drought
effects, increasing yield, and suppressing weed infestation (Bradley 2006; Heatherly
1999; Jha et al. 2008a; Jha and Norsworthy 2009). The current research indicated no
weed control advantage later in the growing season with more narrow row spacing;
however, early in the growing season canopy development was quicker with more narrow
than with wider spaced soybean rows.
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Table 3.2

Photosynthetically active radiation (PAR) values 30, 60, and 90 d after planting (DAP) across three soybean row
spacings in field studies conducted at the Delta Research and Extension Center in Stoneville, MS in 2013 and 2014a.

All data pooled across two sites within each year. Means within a column followed by the same letter are not different at p ≤ 0.05.
Flumioxazin at 668 g ai ha-1 plus pyroxasulfone 922 g ai ha-1
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__________________________________________
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Palmer amaranth emergence

Effect of flumioxazin plus pyroxasulfone on total Palmer amaranth emergence in field studies conducted at the Delta
Research and Extension Center in Stoneville, MS, in 2013 and 2014a.
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Table 3.1
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All data pooled over four experiments. Means within a column followed by the same letter are not different at p ≤ 0.05.
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Effect of row spacing on yield of soybean in plots not treated with herbicide in a field study at the Delta Research and
Extension Center, in Stoneville, MS in, 2013 and 2014a

Row spacing
cm

Table 3.3
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Year
2013

38
38
38
76
76
76
76

1

1

1

1

1

1

1

19

1
38

19

1

1

19

1

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

Herbicide
NONE

0

0

3

4

0

0

5

11

3

15

3

20 DAP
73

1

1

5

23

1

3

8

14

3

11

6

30 DAP
24

0

0

3

6

1

1

1

9

0

11

3

40 DAP
10

1

0

4

9

0

1

4

11

1

6

1

50 DAP
12

d after planting (DAP)

Palmer amaranth emergence m-2

Palmer amaranth emergence 20, 30, 40, 50, and 60 d after planting (DAP).

Site Year Row spacing
1
19

Table A.1
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0

0

1

2

0

0

2

0

1

1

1

60 DAP
1

19
19
19
19
38
38
38
38
76
76
76
76
19
19
19
19

1

1

1

1

1

1

1

1

1

1

1

1

2

2

2

2

Table A.1 (continued)

65
NONE

NONE

NONE

NONE

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

2

0

4

20

0

0

0

0

0

0

0

0

0

0

0

0

0

1

2

5

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

3

0

0

0

2

0

0

0

2

0

1

1

0

0

0

0

0

0

0

0

2

0

0

0

2

0

2

1

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

38
38
38
38
76
76
76
76
19
19
19
19
38
38
38
38

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

Table A.1 (continued)
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flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

0

0

0

0

0

0

0

0

0

9

4

20

2

0

7

24

0

0

0

0

1

0

0

1

0

3

1

9

1

0

5

10

0

0

0

0

0

0

0

2

0

1

1

5

0

0

0

10

0

0

0

0

0

0

0

1

0

0

3

1

0

0

0

1

0

0

0

0

0

0

0

0

0

0

2

1

0

0

0

0

2014
19
19
19
38
38
38
38
76
76
76
76

1

1

1

1

1

1

1

1

1

1

76

2

1

76

2

19

76

2

1

76

2

Table A.1 (continued)
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NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

125

17

507

106

196

72

721

717

91

43

782

383

0

0

0

0

13

8

37

14

22

11

68

17

14

13

54

19

0

0

0

1

32

23

22

10

22

14

34

16

10

31

10

15

0

0

2

2

4

2

3

3

6

3

12

4

1

3

3

3

0

0

0

0

0

7

1

1

0

1

0

0

0

1

0

0

0

0

2

0

19
19
19
19
38
38
38
38
76
76
76
76
19
19
19
19

1

1

1

1

1

1

1

1

1

1

1

1

2

2

2

2

Table A.1 (continued)

68
NONE

NONE

NONE

NONE

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

93

56

67

150

0

0

0

1

1

0

1

2

1

0

2

0

77

29

88

36

3

0

5

5

3

1

3

8

1

0

1

3

73

76

66

60

3

0

3

6

1

1

1

3

2

0

4

2

8

8

9

16

1

0

0

1

1

0

1

2

1

0

1

0

3

4

1

6

4

5

3

6

1

1

1

0

0

0

0

0

38
38
38
38
76
76
76
76
19
19
19
19
38
38
38
38

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

Table A.1 (continued)
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flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

NONE

NONE

NONE

NONE

NONE

NONE

NONE

NONE

0

0

0

0

0

0

0

0

23

67

54

37

34

52

43

106

0

0

0

0

0

0

0

2

78

65

122

33

69

59

85

50

0

0

0

0

0

1

0

0

65

70

64

36

44

87

83

49

1

1

0

0

2

0

0

0

7

8

8

7

4

5

8

9

0

4

0

2

2

8

1

1

7

12

17

5

1

7

4

1

76
76
76

2

2

2

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone

flumioxazin + pyroxasulfone rate = 0.0681 plus 0.0922 g ai ha-1

a

76

2

Table A.1 (continued)
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0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

4

6

2

2

Figure A.1

71

Environmental temperatures in 2013 gathered from the Stoneville, MS weather station.

Figure A.2
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Environmental temperatures in 2013 gathered from the Stoneville, MS weather station.

Figure A.3

73

Precipitation (cm) in 2013 and 2014 growing seasons gathered from the Stonville, MS weather station.

